To define the relation between oxygen-derived free radical (oxy-radical) generation in the reperfused ischemic myocardium and the progression of myocardial damage, we measured oxy-radical generation in the ischemic myocardium and the propagating infarct size in a model of canine coronary occlusion (90 minutes) and reperfusion. We used electron paramagnetic resonance spin-trapping techniques (5,5-dimethyl-1-pyrroline N-oxide [DMPO]) to detect oxy-radicals in the rapidly frozen myocardial samples taken by needle biopsy. There was no detectable generation of DMPO adducts in the normal myocardium before or after reperfusion. In the reperfused ischemic myocardium, electron paramagnetic resonance signals of DMPO-OOH (superoxide anion) and DMPO-OH (hydroxyl radical) were detected, with peak concentrations at 1 hour after reperfusion for DMPO-OOH and at 3 hours after reperfusion for DMPO-OH, respectively. These DMPO adducts were also detected during the early phase (15 seconds) of reperfusion, but the concentrations of these signals were much less than those during the late phase of reperfusion. Treatment with human recombinant superoxide dismutase (2.5 mg/kg/hr) and catalase (2.5 mg/kg/hr) during the course of experiments abolished DMPO-OOH formation but had little effect on DMPO-OH formation. Infarct size (percent of risk area infarcted), quantified by a dual staining method with Evans blue dye and triphenyltetrazolium chloride, was 18.3 ±4.8% (mean± SEM) at 90 minutes of occlusion. After 5 hours of reperfusion, infarct size increased to 43.6±7.2%. These results indicate that a greater magnitude of oxy-radical generation was sustained in the ischemic myocardial tissue during the late phase (1-3 hours) of reperfusion, associated with the progression of myocardial infarction. The concurrent appearance of oxy-radicals and progressive infarction may support the view that a chain reaction of oxy-radicals contributes to the propagation of myocardial cell damage in the postischemic heart. (Circulation Research 1990;66:1160-1165 M yocardial cell injury induced by ischemia followed by reperfusion has been proposed to be due in part to the generation of oxygen-derived free radicals (oxy-radicals), since interventions to suppress free radical generation are found to limit the infarct size in experimental myocardial infarction.1-4 Recent studies using electron paramagnetic resonance (EPR) spectroscopy revealed that there is a burst of oxy-radical generation Supported in part by research grants from the Ministries of Education, Science and Culture, and of Health and Welfare of Japan.
To define the relation between oxygen-derived free radical (oxy-radical) generation in the reperfused ischemic myocardium and the progression of myocardial damage, we measured oxy-radical generation in the ischemic myocardium and the propagating infarct size in a model of canine coronary occlusion (90 minutes) and reperfusion. We used electron paramagnetic resonance spin-trapping techniques (5,5-dimethyl-1-pyrroline N-oxide [DMPO] ) to detect oxy-radicals in the rapidly frozen myocardial samples taken by needle biopsy. There was no detectable generation of DMPO adducts in the normal myocardium before or after reperfusion.
In the reperfused ischemic myocardium, electron paramagnetic resonance signals of DMPO-OOH (superoxide anion) and DMPO-OH (hydroxyl radical) were detected, with peak concentrations at 1 hour after reperfusion for DMPO-OOH and at 3 hours after reperfusion for DMPO-OH, respectively. These DMPO adducts were also detected during the early phase (15 seconds) of reperfusion, but the concentrations of these signals were much less than those during the late phase of reperfusion. M yocardial cell injury induced by ischemia followed by reperfusion has been proposed to be due in part to the generation of oxygen-derived free radicals (oxy-radicals), since interventions to suppress free radical generation are found to limit the infarct size in experimental myocardial infarction.1-4 Recent studies using electron paramagnetic resonance (EPR) spectroscopy revealed that there is a burst of oxy-radical generation during the early phase of reperfusion,5 8 showing direct evidence for the validity of the free radical hypothesis of ischemia-reperfusion cell injury. It is well known that the ultimate extent of necrosis after temporary coronary occlusion followed by reperfusion is not accomplished until several hours after reperfusion. If the free radical hypothesis is true, myocardial generation of oxy-radicals would continue during this reperfusion period. As far as we know, no data addressing this issue have ever been reported.
In this study, we examined the relation between oxy-radical generation in the reperfused myocardium and progression of myocardial injury in a canine occlusion-reperfusion model. Using EPR spintrapping techniques, we were able to detect the pronounced generation of oxy-radicals such as superoxide anion (-02-) and hydroxyl radical ('OH) during the late phase (1-3 hours) of reperfusion, associated with the progression of myocardial necrosis.
Materials and Methods

Experimental Protocol
Adult mongrel dogs (10-14 kg) were anesthetized with pentobarbital sodium (30 mg/kg i.v.), intubated with a cuffed endotracheal tube, and artificially ventilated with room air. Catheters were inserted into the left jugular vein and left carotid artery. Each dog had continuous hemodynamic and electrocardiographic monitoring throughout the course of the experiment. After a left thoracotomy, the heart was suspended in a pericardial cradle, the left anterior descending coronary artery (LAD) was isolated distal to the first major diagonal branch, and an occlusive snare was placed around it. LAD occlusion was maintained for 90 minutes, followed by various durations of reperfusion. In some experiments, human recombinant superoxide dismutase (h-SOD, 2.5 mg/kg/hr) and catalase (2.5 mg/kg/hr) were administered continuously in the left atrium before occlusion until the end of the experiment. Catalase was purchased from Sigma Chemical, St. Louis, Missouri, and h-SOD was a gift from Nippon Kayaku, Tokyo, Japan.
Myocardial Tissue Sampling
In the beating hearts, myocardial tissue samples were obtained by transmural needle biopsy from the center of the area at risk and from a normal area just before reperfusion and at various durations (5 minutes, 1 hour, 3 hours, and 5 hours) of reperfusion, followed by rapid freezing with liquid nitrogen. Since recent studies revealed a marked generation of free radicals during the superacute phase of reperfusion, additional experiments with sequential transmural needle biopsy to a dog were performed immediately after reperfusion (15, 30, 45 , and 60 seconds after reperfusion). Detection of DMPO Spin Adducts Biopsied samples were suspended in minimum essential medium with 50 mM, 5,5-dimethyl-1-pyrroline N-oxide (DMPO) for 10 seconds and then quickly thawed. The reaction medium was subjected to EPR spectroscopy by an X-band spectrometer (model E-12, Varian, Lexington, Massachusetts) in a flat quartz cell (JOE 12034, Japan Electron Optic Laboratory, Tokyo, Japan). EPR spectra were obtained by using 5.0 mW microwave power, 0.5 G modulation amplitude, and 100 kHz modulation frequency, with a microwave frequency of 9.45-9.75 GHz. DMPO was purchased from Sigma Chemical and further purified by filtration through charcoal.9 Quantification of free radicals was performed by comparing the integrated signal intensity with that of a known concentration of freshly prepared free radical in aqueous solution using the identical EPR tubes, as reported by Zweier et al. 10 At the end of each experiment, the weight of the myocardial sample was determined. Histological examination of each myocardial sample was also performed by hematoxylin-eosin stain to confirm the existence of transmural tissue in the sample.
Quantification of Infarct Size
To investigate the histological change in the postischemic myocardium after reperfusion, we performed additional experiments with a different group of 40 dogs. After a 90-minute LAD occlusion followed by various durations (up to 5 hours) of reperfusion, infarct size was quantified by a dual staining method as we have described previously." Briefly, Evans blue dye was injected into the jugular vein, while the cannulated LAD was perfused with autologous blood. The dog was killed, and its heart was removed and divided into six transverse slices of approximately equal thickness. The area at risk was identified by the lack of Evans blue stain. After incubation in triphenyltetrazolium chloride (TTC) solution, the infarcted area remained colorless. The percent of risk area infarcted was calculated and used as an index of infarct size.
Results
Oxy-Radical Generation in Evolving
Myocardial Infarction Figure 1 shows representative EPR spectra of time-course experiments of free radical generation in a heart reperfused after 90 minutes of ischemia. In normal myocardium, no EPR signals were observable. At 1 hour of reperfusion, we observed a complex EPR spectrum consisting of two different components. Computer simulation of this spectrum demonstrated that they were a 1:1:1:1 quartet with the hyperfine couplings of aN=14.2 G, a= 11.7 G, and a-= 1.3 G, indicative of DMPO-OOH, and a 1:2:2:1 quartet with the couplings of aN=aH=14.9 G, indicative of DMPO-OH. At 3 hours of reperfusion, the latter quartet was mainly observable.
Since the intensities of the EPR spectra are directly proportional to the free radical content in the myocardial samples, a time course of spin-adduct generation can be constructed (Figure 2 generation is found after 1-3 hours of reperfusion, strongly suggest that reperfusion-induced myocardial damage is closely related to the generation of oxyradicals.
Since oxy-radicals (O2-and *OH) are highly reactive with a very short half-life, we chose spin-trapping techniques to measure these radicals at room temperature in the biopsied samples quickly frozen in liquid nitrogen. Using this technique, we detected the Each datum is the average of four independent experiments. Values in parentheses represent ranges of each datum. DMPO, 5,5-dimethyl-1-pyrroline N-oxide; ND, not detected. dent on the balance between their production and scavenging activities. In the early moments of reperfusion, there is an initial prominent generation of oxy-radicals, mainly *O2-. At this early phase, SOD, catalase, and glutathione peroxidase can effectively scavenge oxy-radicals, leading to a decrease in oxyradical generation. However, as lipid peroxidation (including arachidonate metabolism) increases after reperfusion, the oxy-radical generation explosively increases through a chain reaction mechanism that overcomes the scavenging activity. *O2-produced by infiltrated neutrophils may also contribute to the increase in oxy-radical generation in the late phase (1-3 hours) of reperfusion when myocardial injury progresses transmurally. These possibilities are consistent with the fact that acute myocardial ischemia followed by reperfusion results in depletion of cardiac antioxidant enzymes. 14 We evaluated infarct size by a dual staining method using Evans blue dye and TTC. There may be some problems with these staining procedures in the measurement of infarct size during the acute phase. Though the TTC technique is reported to delineate the necrotic areas of an experimental model with 30-minute coronary occlusion followed by 30-minute reflow,15 myocardial tissue stained with TTC often contains a narrow zone of reversibly damaged and irreversibly damaged tissue adjacent to the infarct. 16 This microscopic heterogeneity at the infarct margins probably accounts in part for the tendency of TTC staining to underestimate the area of small myocardial infarction.16,17 Even though the TTC technique is not always accurate for quantifying the infarct size, it is unquestionable that myocardial damage, estimated as the loss of dehydrogenase activities, continues until at least 5 hours after reperfusion.
The cell source of oxy-radicals remains undefined in this study. The present study demonstrates that peak levels of DMPO-OOH and DMPO-OH were found at 1 hour and 3 hours of reperfusion, respectively. According to the results in our other studies using canine coronary endothelial cells18 and cardiac myocytes19 under hypoxia followed by reoxygenation,°2
-may be at least partly derived from these injured cells. *OH could be derived from many sources, including 1) the conversion from *O2-generated by neutrophils and endothelial cells via the ironcatalyzed Fenton and Haber-Weiss reactions and 2) the activation of lipid peroxidation and arachidonate metabolism in a chain reaction. The latter source would be dominant because 1) we found only a partial reduction of DMPO-OH adduct in the reperfused ischemic myocardium by the treatment with continuous infusion of h-SOD and catalase in this study and 2) the generation of both DMPO-OH adducts and arachidonate lipoxygenase metabolites, hydroxyeicosatetraenoic acids, was effectively suppressed by lipoxygenase inhibitors in cultured cardiac myocytes under hypoxia followed by reoxygenation (authors' unpublished observations). These findings indicate that *OH may be generated without H202 formation. Further work using lipoxygenase inhibitors or *OH scavengers is needed to elucidate the generating source of *OH and its effects on evolving myocardial infarction. The dominant generating source of *°2-could also be clarified by additional experiments with the neutrophil depletion model. In summary, using EPR spin-trapping techniques on quickly frozen myocardial samples, we have demonstrated in an occlusion-reperfusion model of canine myocardial infarction that 1) not only *OH but also *°2-adducts of DMPO are detected in the reperfused ischemic myocardium and 2) these oxyradicals are markedly generated during the late phase (1-3 hours), but not the early phase (<1 minute), of reperfusion and are associated with the progression of myocardial necrosis. These observations strongly suggest that these radicals are pivotal mediators of reperfusion injury.
